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Background: Jak3 is a tyrosine kinase and its role in metabolic syndrome is not known.
Results: Jak3 was essential for intestinal mucosal tolerance through suppressed expression and activation of TLRs.
Conclusion: Jak3 expression prevented development of obesity and metabolic syndrome.
Significance: Understanding mucosal functions of Jak3 have important implications for patients with diabetes.

Obesity, a worldwide epidemic, is a major risk factor for the
development of metabolic syndrome (MetS) including diabetes
and associated health complications. Recent studies indicate
that chronic low-grade inflammation (CLGI) plays a key role in
metabolic deterioration in the obese population. Previously, we
reported that Jak3 was essential for mucosal differentiation and
enhanced colonic barrier functions and its loss in mice resulted
in basal CLGI and predisposition to DSS induced colitis. Since
CLGI is associated with diabetes, obesity, and metabolic syn-
drome, present studies determined the role of Jak3 in develop-
ment of such conditions. Our data show that loss of Jak3 resulted
in increased body weight, basal systemic CLGI, compromised
glycemic homeostasis, hyperinsulinemia, and early symptoms of
liver steatosis. Lack of Jak3 also resulted in exaggerated symp-
toms of metabolic syndrome by western high-fat diet. Mecha-
nistically, Jak3 was essential for reduced expression and activa-
tion of Toll-like receptors (TLRs) in murine intestinal mucosa
and human intestinal epithelial cells where Jak3 interacted with
and activated p85, the regulatory subunit of the PI3K, through
tyrosine phosphorylation of adapter protein insulin receptor
substrate (IRS1). These interactions resulted in activation of
PI3K-Akt axis, which was essential for reduced TLR expression
and TLR associated NF�B activation. Collectively, these results
demonstrate the essential role of Jak3 in promoting mucosal
tolerance through suppressed expression and limiting activa-
tion of TLRs thereby preventing intestinal and systemic CLGI
and associated obesity and MetS.

Obesity is a major risk factor for the development of meta-
bolic syndrome (MetS)3 and associated health complications.
MetS is a group of interrelated metabolic disorders that include
hyperinsulinemia, hyperglycemia, hyperlipidemia, and hepatic
steatosis (1). Studies suggest that obesity associated systemic
chronic low grade inflammation (CLGI) contributes to the
development of MetS (1). Results from some recent studies
indicate that CLGI particularly of liver and adipose tissues plays
a key role in metabolic deterioration in the obese population
(2– 4) where adipose tissue is reported as the key source for
increased pro-inflammatory cytokines during obesity (5–9).
The roles of Toll-like receptors (TLRs) in the pathogenesis of
inflammation-mediated insulin resistance and associated met-
abolic complications in context with adipocytes, hepatocytes,
and immunocytes have been reported; however the role of
enterocytes in such a setting is less understood (46). Though
gastrointestinal (GI) tracts connects the outer environment
with the inner body and several TLRs are expressed on mucosal
epithelial cells of the GI tracts, the regulation of the hypo-re-
sponsiveness and tolerance of these receptors toward huge load
of commensal bacteria and dietary components in the human
intestine remains unclear (42, 43). Moreover, TLR-mediated
activation of NF-�B plays pivotal role in the production of var-
ious inflammatory cytokines, such as IL-6, TNF-�, MCP-1,
IL-1�, etc (10, 11). Results of various studies have provided
evidence of increased expression of TLRs, especially TLR4 in
obesity and nonalcoholic steatohepatitis (12–15) where CLGI-
driven obesity and related metabolic syndrome appears to be
key factors responsible for associated health complications
(16 –19). However, the specific roles of intestinal mucosa in
general and mucosal Janus kinase-3 (Jak3) in particular in the
development of CLGI and associated diabesity (diabetes and
obesity) are not known.

Janus kinases (Jaks) are a family of non-receptor tyrosine
kinase with four members; Jak1, Jak2, Jak3, and Tyk2 (20). Stud-
ies have shown that Jak3 is widely expressed in different organs
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including intestine of both humans and mice (20, 21). Like
other members, Jak3 mediates signals initiated by different
cytokines through interactions with the common � (gamma)
chain of several cytokine receptors (20, 22). Gastrointestinal
(GI) tract is the first organ that interacts with dietary compo-
nents and luminal microbiota both of which are known to reg-
ulate diabesity (16, 17, 23, 24). Our previous works show mul-
tiple roles of mucosal Jak3 in the regulation of intestinal
functions including mucosal cytoskeletal remodeling (25),
intestinal restitution (26), mucosal homeostasis and differenti-
ation (27), mucosal barrier functions (28), trans-molecular reg-
ulation of Jak3 activation, and assessment of Jak3-directed ther-
apies (29, 30). Recently, we reported that loss of colonic
mucosal expression of Jak3 not only led to reduced mucin
expression and development of intestinal CLGI in mice but
they also had tendency of gaining body weight, a phenotype
consistent with human metabolic syndrome (28). Though
CLGI play a key role in the development of metabolic syndrome
in the obese population (2– 4), the specific roles of Jak3 in the
development of CLGI and associated diabesity are not known.
The present study demonstrates mechanisms through which
Jak3 regulates mucosal tolerance, CLGI, and associated meta-
bolic syndrome.

Experimental Procedures

Materials—Materials were obtained from the following
sources: Caco2 (ATCC), HT-29 Cl-19A (a kind gift from Dr.
A. P. Naren, CFRC, Cincinnati, OH); a permanently differenti-
ated homogenous clone derived from human colonic epithelial
cells HT-29 (31) was used as reported before (25, 28, 32); Hema-
toxylin, Eosin, Xylene, Alcian blue (VWR), Antibodies: pY20
(MP Biomedicals); Jak3, IgG, �-actin, TLR4, villin (Santa Cruz
Biotechnology Inc.), TLR2 (Novous Biologicals), NF-�B, p
NF-�B, IRS1, pIRS1, p85, p85(y463), pAkt, Akt, (Cell signaling),
F4/80 (eBioscience); LPS, Akt inhibitor A6730, wortmannin
(Sigma), LPS-RS (Invivogen), Rat/mouse Insulin ELISA-Kit
(EMD-Millipore), Multianylate cytokine assay kit (Qiagen).
Pierce� BCA Protein Assay Kit (Thermo Scientific). Recombi-
nant human insulin was from Novo Nordisk, and glucose was
from Baxter Clintec.

Animals—6 – 8-week old C57BL/6 mice (WT) or C57BL/6-
background jak3�/� mice (KO): S form (33), with intact kinase
domain (34) were from the Jackson Laboratory (USA). jak3�/�

mice were back-crossed to C57BL/6 jak3�/� to generate
jak3�/� mice which were then in-bred to generate jak3�/�, and
jak3�/� littermates, which were either co-housed or housed
separately according to sex and genotype. For HFD studies,
male C57/BL6 mice, weighing 22 � 2 g, were fed a high-fat diet
(65% cal from fat) or a normal diet (6.5% cal from fat) for 8
weeks. The animals were housed in a temperature- and light-
controlled room. The mice had food and water ad libitum.
Mouse chow was purchased from Research Diets (New Bruns-
wick, NJ). This study adhered to the institutional guidelines of
Texas A&M University Institutional Animal Care and Use
Committee.

Assessment of Body Weight and MPO Activity—Mice were
weighed on the day of weaning and regular fixed intervals there-
after. Body weights were expressed as percent (%) compared

with initial body weight at the time of weaning (as 100%). For
HFD studies, mice on western high fat diet or respective control
diet were weighed every alternate day for 10 weeks and then the
difference in the body weight between percentage changes from
the baseline was calculated. Quantitative determination of
serum MPO was done as reported before (28). Briefly, serum
samples were diluted 1:500 with dilution buffer and measured
in duplicates using micro plate reader (Awareness Technology
Inc.).

Epidydamal Fat-pad and Liver Weight Determination—
Twenty-month-old male C57Bl/6 mice were placed on western
high fat diet, or the control diets and analyzed for changes in
epidydamal fat pad weight and the gross liver weight.

Liver Histological Examination—For histological analysis,
OCT mold embedded tissue sections of liver from WT and KO
mice with or without were air-dried for 20 min at RT and fixed
in 95% ethanol and tissue sections were stained with hematox-
ylin-eosin (H&E) and examined under light microscopy at
200� magnification as reported before (28). The mean degree
of liver steatosis in liver was calculated from observation of 25
different fields of H&E-stained sections of liver from each ani-
mal (35).

Fasting Blood Glucose, Glucose Tolerance Test, and Insulin
Tolerance Test—After mice were deprived of food for 4h
(before the insulin tolerance test) or overnight (12 h; for fasting
glucose), basal blood glucose levels were measured via tail
bleeding using a glucometer (Free style). For glucose tolerance
test the mice were intraperitoneally injected with a bolus of
glucose (2 mg of glucose per g of body weight). For insulin
tolerance tests, the mice were subject to a bolus injection of
insulin (0.75 m-units of insulin/g of body weight). Blood glu-
cose levels were subsequently measured at the times indicated.

Immunofluorescence Microscopy (IFM)—For IFM, OCT
mold embedded tissue sections were air-dried for 20 min at RT,
fixed using 4% paraformaldehyde, and blocked using 5% BSA in
PBS for 30 min. Sections were than incubated with primary
antibodies for Jak3, TLR4, TLR2, villin, F4/80, pNF-�B, NF-�B,
pIRS1, and IRS1 followed by incubation with cy3 or Alexa-fluor
488 conjugated secondary antibodies. The sections were than
rinsed twice with PBS and mounted using Vectashield (Vector
Lab). For all negative controls primary antibodies were replaced
with a control non-immune IgG at the same concentrations.
IFM for Caco2 cells transduced with RFP-tagged Jak3 shRNA
were done as reported previously. The immunostained slides
were visualized using C1-plus Nikon laser scanning confocal
microscope and the images were processed using NIS element
software (NikonR). All experiments were conducted at least in
triplicate and representative images were shown.

Serum Cytokine Assay—IL-6 and IL-17a were determined in
the sera from WT and KO mice using Multi-Anylate ELISA
Array Kit per the manufacturer’s protocol. The absorbance at
450 nm was measured using micro plate reader (Awareness
Technology Inc.).

Tissue Lysis, Immunoprecipitation (IP), Western Blot (IB)—
The frozen colon tissue samples from WT and KO mice were
resuspended (2 ml/g of tissue) in ice-cold lysis buffer (50 mmol/
liter Tris, pH 7.4, containing 1% Nonidet P-40, 0.1 mmol/liter
EGTA, 0.1 mmol/liter EDTA, 2 mmol/L �-mercaptoethanol, 5
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�mol/liter leupeptin, and 4 �mol/liter pepstatin) for 20 min.
The suspended tissues were cut into small pieces using a steril-
ized surgical scissor and homogenized using a homogenizer
(Wheaton Overhead Stirrer, CT) with 20 brief pulses. The
resulting homogenates were centrifuged at 14,000 rpm for 10
min at 4 °C. Protein concentrations in the post-nuclear super-
natants (total protein extract) were determined using BCA pro-
tein assay kit. SDS-PAGE separated and electro blotted samples
were analyzed for protein expression using indicated antibod-
ies. IP and IB using tissue lysate or cell lysates from Caco2 cells
grown under indicated experimental conditions were done as
reported previously (27).

Cell Culture, LPS, CP-690550 (tofacitinib), and A6730
Treatment—Caco2 or HT-29 Cl-19A cells were grown to con-
fluence followed by treatment with lentiviruses for doxycy-
cline-regulated RFP-tagged jak3-shRNA expression in presence
or absence of doxycycline to knock-down Jak3-expression as
reported (27). For Jak3 and Akt inhibition studies cells were
treated with or without Jak3 inhibitor CP-690550 (tofacitinib)
or Akt inhibitor A6730 in presence or absence of LPS (100
ng/ml) as reported before (25–27). Expression of TLR4 and
pNF-�B were determined using Western analysis (IB) lysates of
these cells.

Data Analysis—All data are presented as mean (�S.E.) and
analyzed using Microcal OriginR software version 9.2. Differ-
ences in the parametric data were evaluated by the Student’s t
test. Significance in all tests was set at a 95% or greater confi-
dence level.

Results

Loss of Jak3 Leads to Increased Body-Weight—Previously we
reported that loss of Jak3 not only resulted in predisposition to
DSS-induced colitis but during the same period the control
untreated Jak3-KO mice also tend to gain weight (28). To con-
firm that, these effects of weight gain were due to loss of Jak3-
driven obesity and not an anomaly associated with familial
transmission of microbiota, we back-crossed Jak3-KO mice to
C57BL/6-wt in our facility to generate WT and Jak3-KO sib-
lings and co-housed them by sex only right from birth so that
both WT and Jak3-KO mice were exposed to the similar micro-
biota from the beginning of their life. In another set, mice were
housed by sex and genotype only (non-co-housed) to determine
if these have an effect. Determination of body-weight from co-
housed or non-co-housed (Fig. 1, A–C) mice showed that irre-
spective of housing, loss of Jak3 led to approximately two (in
male; Fig. 1A) to 3-fold (in female; Fig. 1B) increase in body-
weight compared with their WT littermates. Since caging prac-
tices had little influence on body weight, rests of the experi-
ments were performed using mice housed by sex and genotype
(as indicated in Fig. 1C) unless otherwise mentioned.

Loss of Jak3 Leads to Increased Basal Chronic Low-grade
Inflammation—Increased body weight is associated with
IL17a- and IL6-mediated CLGI (36). Previously, we reported
that Jak3 plays an essential role in several intestinal functions
(26, 37, 38) where loss of Jak3 led to increased level of intestinal
and colonic IL17a and IL6 (28). To determine if these basal
CLGI was restricted only to GI tract (28), we determined the
effects of loss of Jak3 on basal systemic CLGI in Jak3-KO mice.

Fig. 1 shows that Jak3-KO mice not only had substantial
increase in systemic level of pro-inflammatory cytokines IL6
(D) and IL17a (E) in their serum but also there was a 4-fold
increase in systemic myeloperoxidase (MPO) activity (F). These
results indicate that the basal chronic inflammation was not
restricted to GI tract (28), but also extended to systemic circu-
lation. Since increased colonic (28) and systemic MPO activity
indicated increased tissue infiltration and activation of neutro-
phils, we also determined if colonic infiltration of macrophages
were increased. Our data showed that loss of Jak3 resulted in
increased colonic macrophages (G–H). Next, we determined if
systemic CLGI-associated increased body weight was due to
hyperphagia. Fig. 1I shows that there was modest but non-sig-
nificant increase in average food intake by Jak3-KO mice.

Loss of Jak3 Leads to Increased Body Fat and Impaired Ability
of Glucose Homeostasis—Since mice with loss of Jak3 had sys-
temic CLGI and increased body-weight, a phenotype reminis-
cent of human metabolic syndrome (28), we determined if loss
of Jak3 had an impact on other symptoms of metabolic syn-
drome. As shown in Fig. 2, similar to co-housed mice (A), in
non-cohoused mice, loss of Jak3 resulted in statistically signif-
icant increase in fasting blood glucose level (B) and epididymal
fat-pad (C). Since the KO mice had a higher fasting glucose level
than WT, indicating loss of glycemic control, we sought to con-
firm this by administering a bolus of glucose in both groups of
mice and determined their ability to restore blood glucose. Fig.
2D shows that, Jak3-KO mice had impaired ability to restore
blood glucose to baseline levels. Moreover, in Jak3-KO mice the
basal insulin levels were also elevated (Fig. 2E).

Loss of Jak3 Leads to Early Symptoms of Liver Steatosis—
Since metabolic syndrome also affects liver, we determined the
impact of loss of Jak3 on liver. Jak3-KO mice showed enlarged
liver (Fig. 3A) where average liver to body weight ratio was 1.3
times higher in KO mice compared with the corresponding WT
group (Fig. 3B). Assessment of liver sections by blinded
reviewer indicated that loss of Jak3 resulted in less-dense hepa-
tocytic nuclei (representative section in Fig. 3C, 100� and
400�), which were also comparatively bigger (400�, green
arrow). Assessments also indicated more unstained regions
(black arrow) that were scattered throughout the H&E sections
with fewer endothelial cells surrounding the liver triad (yellow
arrow) in Jak3-KO liver compared with corresponding WT.
Together, these data were consistent with early symptoms of
liver steatosis.

Loss of Jak3-mediated Symptoms of Metabolic Syndrome Is
Exaggerated by Western HFD—Development of metabolic syn-
drome in humans is thought to be promoted by a diet high in
saturated fats (39 – 41). To investigate the effect of such a diet
on metabolic syndrome in Jak3 KO mice, we fed WT and
Jak3-KO mice either normal diet (6.5% cal from fat) or a high-
fat diet (65% cal from fat) for 8 weeks and the difference
between percent change in body weight of high-fat and normal
diet fed mice were plotted verses weeks of treatment (Fig. 4A).
Though, both WT and Jak3-KO mice on high-fat diet showed
increase in body mass, the difference in body mass was 2-fold
higher in Jak3-KO mice compared with the corresponding WT
group. Jak3-KO mice also showed increased fasting blood glu-
cose level (Fig. 4B), increased liver to body-weight ratio (Fig.
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4C), and severe hepatic steatosis as assessed by blinded reviewer
(Fig. 4D). Together, these indicated an exaggerated manifesta-
tion of metabolic syndrome from high-fat diet as a result of loss
of Jak3.

Loss of Jak3 Results in Increased Activation of Toll-like Recep-
tor Signaling—Since activation of TLRs in general and TLR2
and TLR4 in particular has been associated with diabetes ema-
nating from chronic inflammation (10) and our data showed
that loss of Jak3 resulted in systemic and intestinal CLGI with
early symptoms of liver steatosis, we determined if colonic and
hepatic expression of TLR2 and TLR4 was altered under basal
conditions in these tissues. As shown in Fig. 5A, expression of
TLR4 was absent in the colonic epithelium of WT mice. How-
ever, as shown by co-immunostaining studies using epithelial
specific marker villin, loss of Jak3 resulted not only in expres-
sion of TLR4 in colonic epithelium but these were also associ-
ated with increased expression and activation of NF-�B, the
downstream target of TLR4 activation. These results were fur-
ther confirmed by Western analysis using colonic (Fig. 5B) and
hepatic (Fig. 5C) tissues of from WT and Jak3-KO mice. To
determine if these increased expression was due to increased

sensitivity toward TLR4 ligand LPS (or TLR2 ligand
pam3CKS4) and if Jak3-expression influenced such sensitivity,
using colonic epithelial model of Caco2 and HT-29, we inves-
tigated the effects of loss of Jak3 on the expression of TLR4 in
presence of LPS. As shown in Fig. 5D, knock-down of Jak3
expression by lentivirus carrying doxycycline-regulated RFP-
tagged jak3-shRNA (27) resulted in a substantial increase in
TLR4 expression in both Caco2 and HT29 (data not shown)
cells. Western analysis (Fig. 5E) of these cells further confirmed
that LPS treatment led to increased expression of TLR4 and
activated-NF�B, the downstream target of TLR4 activation
which was significantly higher in the cells where the expression
of Jak3 was knocked down (RFP: red). We also noticed an
increased TLR2 expression in response to its ligand pam3CKS4
in Jak3 knocked down cells where doxycycline alone (control)
didn’t have any effects on either TLR4 (Fig. 5E, 6th and 7th
panels) or TLR2 (data not shown) expression. These results
indicated that expression of Jak3 was required for reduced sur-
face expression and activation of TLR2 and TLR4. Since our
data suggested that Jak3 expression was essential for reduced
expression of TLRs and decreased TLR-mediated signaling, we
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FIGURE 1. Loss of Jak3 leads to increased body weight and systemic chronic low-grade inflammation: A–B, jak3�/� mice were back-crossed to C57BL/6
jak3�/� to generate jak3�/� mice, which were then in-bred to generate jak3�/� and jak3�/� littermates. Body weight of co-housed Jak3-KO and their WT
siblings male (A) or female (B) or non-co-housed males Jak3-KO and WT (C) were plotted at the indicated intervals as a percentage of their body weight at the
time of weaning. D–E, increased pro-inflammatory cytokines IL-6 and IL17a in serum of KO mice: cytokine level in the blood serum from WT and KO mice were
measured using a mouse Multianylate cytokine assay kit (Qiagen) per the manufacturer’s protocol, and mean values from each group (n � 6 mice per group)
are shown. F, MPO in serum of WT and KO mice: MPO activity was determined as described in “Experimental Procedures” and plotted as mean values from each
group (n � 6 mice per group). G–H, loss of Jak3 leads to increased colonic macrophages in mice: Colonic tissue sections from WT and Jak3-KO mouse were
immunostained for macrophages using F4/80 antibody (G). Images were acquired using Nikon C1-plus laser confocal microscope and representative images
are shown from each group (n � 6). Scale bar 100 �m. The number of macrophages in five visual fields (VF) chosen at random were counted for each animal
at 200� magnification and the results are quantified as the average number of macrophage positive cells per visual field (H). I, modest increase in average food
intake by the Jak3-KO mice. Age and sex matched WT or Jak3-KO mice were transferred to new cage (n � 5 mice per cage) with known amount of diet. After
24 h, food was reweighed and the amounts consumed were calculated by difference. Average (n � 10 cages per group) weight of food consumed per cage was
plotted verses each group. A–F, H, values are mean � S.E. Asterisks (*) indicate statistically significant differences between WT and KO groups (p � 0.05, n �
three independent experiments). G, representative images are from n � 3 images from n � 6 mice per group.
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ability to restore blood glucose: To determine glucose tolerance, blood glucose concentration in fasted mice was measured after intraperitoneal
injection with 2g/kg body weight of d-glucose followed by measuring their level as in B at the indicated time intervals post-injection (n � 5/group). E,
loss of Jak3 leads to increased fasting serum insulin level: mice were fasted for 12 h followed by collection of their blood for the analysis of serum insulin
as described in “Experimental Procedures.” A–D, values are mean � S.E. Asterisks (*) indicate statistically significant differences between WT and KO
groups (p � 0.05 n � three independent experiments).
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determined if activation of Jak3 proteins was also required for
suppressed expression of TLRs and associated decreased TLR-
signaling. Fig. 5F shows that activation by LPS led to tyrosine
phosphorylation of Jak3 (1st and 2nd panels) that was associ-
ated with suppressed expression of TLR4 (4th panel), and these
effects were reversed during inhibition of Jak3 activation by
CP-690505.

Activated Jak3 Interacts With and Facilitates Tyrosine Phos-
phorylation of Insulin Receptor Substrate (IRS)1—Since loss of
Jak3 resulted in compromised glucose regulatory phenotype
with hyperinsulinemia in mice and tyrosine phosphorylation of
IRS1 are necessary for insulin sensitivity of both colon and liver
(42), we tested if Jak3 interacted with IRS1 in WT mice and if
loss of Jak3 affected tyrosine phosphorylation of IRS1 in the
colon of Jak3 KO mice. Fig. 6A (1st and 2nd panels) shows that
Jak3 not only interacted with IRS1 in colonic tissues of WT-
mice, but Jak3- associated IRS1 was also tyrosine phosphorylat-
ed. Fig. 6B (1st and 2nd panels) shows that expression of IRS1
was not affected in Jak3-KO mice; however, loss of Jak3 resulted
in loss of tyrosine phosphorylation of IRS1.

Jak3 Interacts With and Activates p85, the Regulatory Sub-
unit of the PI3K through IRS1—Since phosphoinositide 3 kinase
(PI3K) negatively regulates TLR4 signaling and Jak3-KO mice
not only showed increased TLR4 signaling in both colon and
liver but Jak3 also interacted with IRS1 in colon of wild-type
mice, we tested if Jak3 facilitated the activation of PI3K through
IRS1 in these tissues. As shown in Fig. 6A (3rd and 4th panels),
loss of Jak3 not only resulted in disruption of the interactions
between p85 and IRS1, but also tyrosine phosphorylation of p85
was lost in Jak3-KO mice. To determine the reason for the loss
of tyrosine phosphorylation of p85, using co-immunoprecipi-
tation, we tested if Jak3 interacted with p85 in these tissues. Fig.
6A, 5th panel, shows that Jak3 co-immunoprecipitated with
p85, which was lost in KO mice. Together, these results indicate
that Jak3 interacted with IRS1 and p85 and these interactions
resulted in tyrosine phosphorylation of both IRS1 and p85.
Next, we further confirmed if these interactions were essential
for tyrosine phosphorylation of the downstream target of PI3K,
the pAkt in these tissues. Fig. 6, B and C show that expression of

Jak3 was essential for the activation of Akt in both colon (3rd
and 4th) and liver (1st, 2nd, and 3rd panels) tissues of mice. To
further confirm these, we tested if inhibition of Jak3 affects
tyrosine phosphorylation of p85 and IRS1 in LPS-stimulated
Caco2 cells. Fig. 6D shows that inhibition of Jak3 resulted in
decreased phosphorylation of both p85 and IRS1 that corre-
lated with increased activation of NF-�B in the absence of Jak3
(Fig. 5, B and C).

Jak3-mediated Activation of PI3K-Akt Axis Is Essential for
Reduced TLR Expression—Since Jak3 activation was essen-
tial for the activation of p85, the regulatory subunit of PI3K,
we determined if activations of the downstream target of
activated PI3K, Akt was necessary for suppressed TLR sig-
naling in IEC. Fig. 6E shows that inhibition of Akt in Jak3
activated IEC led to reversal of suppression of Jak3-mediated
TLR signaling as reflected by increased expression of acti-
vated NF�B.

Modulation of PI3K and TLR4 Impact Glycemic Regulation
in Mice—Since Jak3-mediated activation of PI3K was essential
for reduced TLR expression, to confirm this we determined if
PI3K inhibition increases TLR4 expression and NF-�B activa-
tion and if this leads to phenotypes associated with metabolic
syndrome in WT mice, colonic PI3K was inhibited by in vivo
administration of PI3K inhibitor wortmannin in mice, and its
effects on fasting blood glucose, colonic expression of TLR4
and associated activation of NF-�B were evaluated. As shown in
Fig. 7, intraperitoneal administration of PI3K inhibitor wort-
mannin led to significant increase in fasting blood glucose levels
in these mice (A). Colonic tissue analysis showed that these
effects were associated with corresponding increase in TLR4
expression and associated NF-�B activation (B). To further
demonstrate whether colonic TLR4 activation was responsible
for LGCI and associated glycemic dysregulation in Jak3-KO
mice, intraperitoneal administration of TLR4 antagonist
LPS-RS in Jak3-KO mice showed modest but significant rever-
sal of not only the fasting blood glucose levels (C) but these
effects were also associated with reduced activation of NF-�B in
colonic tissue of Jak3-KO mice (D).
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Discussion

Though obesity in most cases is associated with CLGI which
contributes to the development of metabolic syndrome involv-
ing compromised glucose homeostasis, hyperlipidemia, hyper-
insulinemia, and together culminating into type 2 diabetes, the
mechanisms of origin and mode of perpetuation of such CLGI
is not known. Gastrointestinal (GI) tract is the first organ that
constantly interacts with dietary components and luminal

microbiota and both these environmental factors are known to
regulate CLGI-associated diseases such as obesity and diabetes
(16, 17, 23, 24). To understand the mechanism of GI inflamma-
tion, previously we reported that absence of Jak3 expression in
colon led to basal colonic CLGI, which were associated with
reduced colonic mucin expression, and a tendency of gaining
body weight (28). Since increased body weight is mostly consid-
ered a phenotype indicative of human metabolic syndrome (1,

FIGURE 5. Loss of Jak3 results in an increased expression and activation of toll-like receptor signaling. A, immunofluorescence staining of colonic mucosa
of WT and Jak3-KO mice: Colonic tissue sections from each mouse were immunostained using indicated primary antibodies. Images were acquired using Nikon
C1-plus laser confocal microscope and representative images are shown from each group (n � 6). Note the comparatively increased expression of both TLR-4
and pNF-�B in colonic mucosa of KO mice. Scale bar 550 �m. B, colonic tissue lysates of mice from “A” were analyzed using IB for indicated proteins and �-actin
as control. C, liver tissue lysates of mice from “A” were analyzed using IB for indicated proteins and �-actin as control. Representative blots (n � 3) are shown.
D, Jak3 regulates TLR-4 expression and activation in human IEC: Expression of TLR4 was determined in 2 weeks post-confluent Caco2 cells transduced with
lentiviruses as described in “Experimental Procedures” followed by treatment with LPS for 24 h to activate TLR-4 in presence or absence of doxycycline to
knock-down Jak3 expression. IFM were performed using antibody for TLR4. Representative images are shown where the green indicates TLR-4 and the red color
confirms RFP-tagged jak3-shRNA expression mediated knock-down of Jak3 (27). Bar 14 �m. E, loss of Jak3 results in increased activation of TLR signaling; Cells
from “D” were lysed using lysis buffer followed by Western analysis of the cell lysates using indicated antibodies. F, activation of Jak3 is required for suppression
of TLR-4 expression: Cells were pretreated with CP-690505 for 30 min to inhibit Jak3 activation followed by treatment with LPS as in “D” to activate TLR-4.
Western analysis of the cell lysates using indicated antibodies are shown. B-C, E-F, representative blots are shown (n � 3 from three independent experiments;
B and E, lower bar graphs) Densitometric analysis was done using Image LabTM software (Bio-Rad), and ratio of average densities (n � 3 from three independent
experiments) between pNF-�B and NF-�B is shown where asterisks (*) indicate statistically significant differences (p � 0.05).
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28), in the present study we characterized how loss of Jak3 con-
tributes to development of obesity and metabolic syndrome.

Caging practices by genotype upon weaning can sometime
results in cages of mice developing familial transmitted distinct
microbiota composition irrespective of genotype that may
influence the symptoms of metabolic syndrome (43). Our data
using age and sex matched WT and Jak3-KO co-housed siblings
or age and genotype matched independently housed WT or
Jak3-KO mice showed that obesity and metabolic syndrome in
Jak3-KO mice were genotype driven where loss of Jak3 resulted
in manifestation of these symptoms. As these symptoms were
associated with basal colonic (28) and systemic CLGI, it is pos-
sible that colonic CLGI may be the origin for systemic CLGI.
These were further corroborated by increased macrophages
and neutrophils in colonic tissue of Jak3-KO mice, which could
be the source of increased cytokine levels responsible for CLGI
in these mice (Fig. 1). Previously, we reported that loss of Jak3
increases the susceptibility toward DSS induced colitis (28). We
speculate that histopathologically evident basal low-grade gut
inflammation as seen in Jak3-KO mice that predisposed to coli-
tis (28) could be severe but relatively rare outcome of an altered
host-microbiota relationship while a more common conse-
quence of such disturbances could be “low-grade” chronic
inflammation associated metabolic syndrome as seen in other
mice model (44, 45). To demonstrate whether this was the case
in Jak3-KO mice, we determined whether these mice had symp-
toms of metabolic syndrome. Our data showed that loss of Jak3
led to significant increase in body fat and loss of glycemic con-
trol (Fig. 2). In human, the loss of glycemic controls is mostly
associated with insulin resistance resulting in hyperinsulinemia
(46). Indeed, Jak3-KO mice not only had impaired ability of
glucose homeostasis but these symptoms were also associated
with hypeinsulinemia indicating type-2 diabetes.

Nonalcoholic fatty liver disease (NAFLD) is the hepatic man-
ifestation of the metabolic syndrome, which describes a spec-
trum of liver pathology ranging from simple steatosis to hepatic
cirrhosis (47, 48). High-fat diets (HFD) are among the major
environmental factor that induces pro-inflammatory signaling
including through TLRs, which correlates with subsequent
development of obesity, NAFLD, and insulin resistance (49, 50).
Our data suggested that loss of Jak3 not only resulted in predis-
position toward HFD-induced obesity as indicated by exagger-
ated effects of such diets in Jak3-KO mice but these effects were
also associated with severe hepatic steatosis and steatohepatitis
as indicated by comparatively increased accumulation of fats in
the liver of Jak3-KO mice (Fig. 4). These effects were an exten-
sion of early symptoms of liver steatosis under basal conditions
as indicated by relatively enlarged liver having lesser-dense
hepatocytic nuclei and prominent unstained regions scattered
throughout the H&E sections of liver with fewer endothelial
cells surrounding the hepatic triad in Jak3-KO mice (Fig. 3).

To demonstrate the mechanism of CLGI associated predis-
position to MetS in Jak3-KO mice, our data showed that loss of
Jak3 results in increased expression of TLR2 and TLR4 in the
colonic mucosa of mice, which were associated with increased
activation of NF�� in these tissues (Fig. 5). Previously, we
reported that Jak3 facilitates intestinal barrier functions by two
mechanisms; (a) facilitating the expression of colonic mucins

and (b) facilitating adherens junction (AJ) formation through
its interactions with AJ protein �-catenin (28). It is possible that
loss of Jak3 led to relatively milder leaky gut barrier that
resulted in compromised tolerance of gut epithelial mucosa
toward residential microbiota through increased LPS sensitiza-
tion led enhanced expression of colonic TLR2 and TLR4 and
associated pNF�� in colon. Increased sensitization of LPS by
LPS-high responder mucosal epithelial cells results in posttran-
scriptional regulation of TLR4 mRNA where LPS is known to
promote binding of human antigen R (HuR) proteins to the
3�-UTR of TLR4 mRNA. Through these interactions with cis-
acting elements in TLR4 3�-UTR, HuR enhances TLR4 expres-
sion (51), where activated pNF�� may further facilitate these
interactions in Jak3 deficient IEC. Additionally, ZNF160 a tran-
scription factor expressed more only in IEC less sensitized to
LPS than a highly sensitive IES and could represses TLR4 tran-
scription. It is known to that ZNF160 interact with scaffold
proteins to recruit histone deacetylase and histone deacetyla-
tion at the 5� region of the TLR4 gene is significantly higher in
IEC less sensitive to LPS. These epigenetic regulation repressed
TLR4 expression in less sensitive IEC (52). Since activation of
NF-�� is associated with expression of pro-inflammatory cyto-
kines by mucosal epithelial cells (53), it is possible that leaky
barrier mediated compromised mucosal tolerance acted as a
key source of the initiation of inflammation resulting in
increased tissue infiltration of neutrophils and macrophages
ultimately culminating in colonic and systemic CLGI in
Jak3-KO mice. These results were further corroborated by the
findings that TLR4-KO mice fed with high-fat diet (HFD)
showed significant reduction of circulating levels of pro-in-
flammatory cytokines (5, 11). Though CLGI play a key role in
the development of metabolic syndrome (2– 4), the specific
roles of mucosal-Jak3 in development of CLGI and associated
diabesity were not known. Our data showed that expression
and activation of Jak3 was essential for reduced expression of
both TLR4 and TLR2 in both human and mouse intestinal epi-
thelium. In these cells, Jak3 interacted with and tyrosine phos-
phorylated p85, which is the regulatory sub-unit of PI3K, and
these interactions took place through the mediation of tyrosine
phosphorylated adapter protein IRS1 (Fig. 6). Previously it was
reported that stimulation of human monocyte by LPS led to
activation of Jak3 (11). Here we showed that activation of TLR4
was sufficient for the intracellular activation of Jak3 in the intes-
tinal epithelial cells and Jak3 activations suppressed TLR4
expression. Together, these interactions resulted in activation
of PI3K-Akt axis, which was essential for reduced TLR expres-
sion and TLR associated NF�B activation. Since activation of
NF�B is responsible for the production of pro-inflammatory
cytokines, these results show an essential role of Jak3 in preven-
tion of pro-inflammatory cytokine production in intestinal
mucosa. To investigate the contribution of colonic PI3K-Akt
axis, and TLR signaling in the development of metabolic syn-
drome, our data showed that inhibition of PI3K led to signifi-
cant glycemic dysregulation that was associated with increased
colonic TLR4 expression and NF�B activation in WT mice and
modest but significant reversal of these upon inhibition of
TLR4 signaling in Jak3-KO mice (Fig. 7). These modest but
significant effects indicate additional mechanisms could play a
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role in predisposition to metabolic syndrome including loss of
Jak3 induced compromised intestinal barrier functions, aber-
rant feeding behavior, and increases infiltration of neutrophils
and macrophages in colonic mucosa (Fig. 1). These infiltrated
cells of innate immune system could produce additional pro-
inflammatory cytokines resulting in colonic and systemic CLGI
and associated metabolic syndrome.

To modulate the immune functions, Jak3-directed drugs are
widely used in the treatment of different medical conditions
including asthma, allergies (54), hematopoietic malignancies
(9 –11), organ transplant (55–59), and thromboembolitic com-
plications (60). However, because of lack of knowledge about
the roles of Jak3 in obesity and metabolic syndrome, the impli-
cations of functional inhibition of Jak3 on diabetes and MetS
can not be assessed. Present study demonstrates the role of Jak3
in innate immunity through preventing development of diabe-
tes and MetS through multiple mechanisms including those
through promoting mucosal tolerance. It would be worthwhile
to develop drugs for colonic modulators of Jak3 functions that
cannot only facilitate mucosal tolerance under normal condi-
tion but may also be useful for the prevention of diabesity in
high risk population who are predisposed toward and develop-
ment of obesity and associated metabolic syndrome. Addition-
ally, this will also be useful for preventing chronic inflammation
in patients undergoing Jak3-directed therapy. Though we have
shown the predisposition of diabesity in Jak3-KO mice, it
remains to be tested if under the same conditions either the
transgenic mice that overexpress Jak3 or pharmacological
manipulator that facilitates Jak3 expression/activation could
protect from mucosal inflammation and associated diabetic
symptoms. Since Jak3-SH2 domain acts as a regulator for Jak3
activation (25, 61), SH2-directed drugs could be developed as
potential manipulator for Jak3 activation.

In summary we showed that Jak3 played a critical role in the
pathogenesis of obesity and associated metabolic syndrome
under basal conditions and during those induced by high-fat
diets where colonic expression of Jak3 was essential for the
maintenance of a healthy mucosal barrier, reduced infiltration

of macrophages and neutrophils in colonic tissue, and overall
mucosal tolerance (Fig. 8). Mechanistically, we demonstrated
that Jak3 facilitated epithelial tolerance toward LPS-induced
increased expression of TLR4 and associated activation of
NF-�� through interactions with and tyrosine phosphorylation
of p85, the regulatory subunit of PI3K (Fig. 8). Thus, these
results showed for the first time the essential role of Jak3 in
prevention of obesity and associated MetS where Jak3 facili-
tated prevention of CLGI through several mechanisms includ-
ing those through mucosal tolerance toward commensal gut-
microbiota by suppressed expression and limited activation of
TLRs.
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FIGURE 8. Proposed models for Jak3-mediated mucosal tolerance and
predisposition to obesity and MetS.
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